. 1, 2) Cholesterol also exisits in a buried form in phospholipid bilayer in the biomembrane.
1
H-NMR measurements were recorded on a Varian VXR-500 spectrometer with tetramethylsilane (TMS) as an external reference in deuterium oxide at 25°C. Two-dimensional rotating frame nuclear Overhauser effect spectroscopy (ROESY) experiments were performed in the phase-sensitive mode using the State-Haberkorn method. A spinlock mixing pulse of 400 ms was used.
Results
As preliminary experiments, the absorbances at 600 nm due to cholesterol solubilized in the presence of 1.0ϫ10 Ϫ2 
M
CDs at 37°C were measured according to Solubility Method (2) in the Experimental section. The results are shown in Table 1 . In the presence of a-CD, b-CD, and g-CD, the absorbances were zero, suggesting that these CDs do not form soluble complexes with cholesterol in aqueous solution. Although only a slight increase in absorbance was observed in the presence of HP-b-CD, a remarkable increase in absorbance was observed in the presence of DOM-b-CD. These results suggest that DOM-b-CD has a strong ability to form soluble complex with cholesterol in aqueous solution, but HP-b-CD only a weak ability. Although soluble complex formations of cholesterol with a-CD, b-CD, and g-CD were not detected, insoluble complex formation might occur. Therefore, we investigated whether insoluble complexes between cholesterol and these CDs are formed in aqueous solution using 6-p-toluidinylnaphthalene-2-sulfonate (TNS). It has been reported that the fluorescence intensity of TNS is quenched in water, but increases markedly when CDs such as a-CD, b-CD, and g-CD are added to the aqueous solution. 6, 7) The fluorescence intensity of TNS increases with increasing CD concentration. The filtrate (5.0 ml) prepared in the presence of b-CD (1.0ϫ10
Ϫ2 M) at 37°C according to Solubility Method (2) was added to TNS 1.0 ml (1.0ϫ10 Ϫ4 M) and adjusted to a volume of 10.0 ml with water. The fluorescence intensity of the test solution obtained was measured and compared with that of the control solution. The control solution contained the same concentration of b-CD as the test solution, but did not contain cholesterol. The results are shown in Fig. 1 .
The fluorescence intensity of the test solution agreed with that of control. If an insoluble complex was formed between cholesterol and b-CD, the b-CD concentration in the test solution would decrease and the fluorescence intensity of the test solution would become less than that of the control solution. Therefore, it was found that no insoluble complex is formed between cholesterol and b-CD. In addition, the fluorescence intensities of the test solution prepared in the presence of a-CD (1.0ϫ10 Ϫ2 M) and g-CD (2.0ϫ10 Ϫ2 M) according to Solubility Method (2) were consistent with those of respective control solutions due to a-CD and g-CD, Therefore, no insoluble or soluble complexes are formed between cholesterol and the three CDs under the present experimental conditions.
Since soluble complex formation between cholesterol and DOM-b-CD is strongly suggested, the interaction between them was investigated by making a phase solubility diagram, according to Solubility Method (2) . The results are shown in Fig. 2 . Phase solubility diagram of cholesterol with DOM-b-CD is of the Ap type. Therefore, it is presumed that cholesterol forms two types of complex with DOM-b-CD, having molar ratios of 1 : 1 and 1 : 2, respectively, in aqueous solution.
The formation constants K 1 : 1 and K 1 : 2 defined by following Eqs. 3 and 4 were determined:
[ 
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The combination of Eqs. 3, 4, 5, and 6 gave Eq. 7. 
Ϫ{8K
Then, it is necessary to know [Cho], the free concentration of cholesterol equal to the solubility of cholesterol in water. Although the solubility of cholesterol in water has been reported to be 4.7ϫ10 Ϫ6 M in water, 8) the experimental conditions including the temperature at which measurement was made are not clear in the report. Therefore, the solubility was determined in accordance with Solubility Method (1) described in the Experimental section, at four temperatures, as shown in Table 2 . Formation constants K 1 : 1 and K 1 : 2 can be estimated from Eq. 7 using the nonlinear least-squares program MULTI. 9) The values obtained at 10, 25, 37, and 45°C are shown in Table 3 . Formation constant K 1 : 1 of the 1 : 1 complex was 109 M Ϫ1 and formation constant K 1 : 2 of the 1 : 2 complex was 5.68ϫ10 4 
M
Ϫ1 at 25°C, respectively. It was found that complex with a molar ratio of 1 : 2 (cholesterol : CD) is formed more easily than that of molar ratio of 1 : 1. The van't Hoff plots for the 1 : 1 and 1 : 2 complexes obtained by plotting log K against the reciprocal of the absolute temperature are shown in Fig. 3 . The changes in enthalpy (D H°) and the changes in entropy (DS°) accompanying the complexation were determined from the slope and intercept, respectively, of the straight line obtained. Each value obtained is given in Table 3 . The changes in enthalpy DH°1 : 1 of the 1 : 1 complex and DH°1 : 2 of the 1 : 2 complex were Ϫ3.38 kJ/mol and Ϫ3.96 kJ/mol , respectively. On the other hand, the changes in entropy DS°1 : 1 and DS°1 : 2 were 27.7 kJ/(mol · K) and 77.6 kJ/(mol · K), respectively.
1 H-NMR spectra and Corey-Pauling-Koltun (CPK) atomic models were used to estimate the structure of the 1 : 2 complex of cholesterol : DOM-b-CD. The molecular size and structure of the guest molecule and cavity of the host molecule can be estimated using CPK atomic models. In Fig. 4a , the 1 H-NMR spectrum of 1.0ϫ10 Ϫ2 M DOM-b-CD in deuterium oxide at 25°C is shown. The assignments of the proton signals of DOM-b-CD have been reported previously. 10) In the presence of 1.2ϫ10 Ϫ3 M cholesterol, the proton signals of DOM-b-CD were observed. This sample was prepared in deuterium oxide in a manner based on Fig. 2 . The proton signals shifted as shown in Fig. 4b . The values of changes in shift are shown in Fig. 5 ; the proton signal due to 3-H shifted upfield most prominently, followed by the signals due to 5-H, and 6-H. These protons lie on inner surface of the cavity of DOM-b-CD. The signals due to 1-H and 4-H, which lie on the outer surface of the cavity, also shifted upfield. On the other hand, the proton signals due to the 6-OMe and 2-OMe groups, which lie at the entrances of the cavity of the primary hydroxyl group side and the secondary hydroxyl group side, respectively, shifted downfield. 2-H on the outer surface of the secondary hydroxyl group side also shifted downfield. To confirm the structure of the 1 : 2 inclusion complex, the ROESY spectrum was measured (Fig. 6 ). In the ROESY spectrum of the solution containing cholesterol (1.2ϫ10
and DOM-b-CD (1.0ϫ10 Ϫ2 M), cross peaks connecting the 3-H, 5-H, and 6-H of DOM-b-CD to the 18-Me, 26-Me, 27-Me, 21-Me, and 19-Me of cholesterol were observed. The assignments of the proton signals of cholesterol in deuterium oxide were carried out with reference to those measured in CDCl 3 . Discussion From the results of 1 H-NMR spectra and the investigation using CPK atomic models, three possible structures for the inclusion complex of cholesterol with DOM-b-CD (cholesterol : DOM-b-CDϭ1 : 2) were estimated, as shown in Fig. 7 . The structure in which two DOM-b-CD molecules include cholesterol from the side of the primary hydroxyl group of the CD was omitted because it is difficult for the hydroxyl group portion of cholesterol to pass through the cavity of the primary hydroxyl group side of the DOM-b-CD, as based on the examination using CPK atomic models. At (a), (b), and (c) in Fig. 7 , it is assumed that the upfield shifts of 3-H, 5-H, and 6-H of DOM-b-CD are induced by both the magnetic anisotropy effect due to the double bond of cholesterol at 5-position and the changes in magnetic environment due to invasion of the hydrophobic group. 12,13) Also, it is considered that the downfield shifts of 2-OMe and 6-OMe occur because 2-OMe comes into contact with another 2-OMe (a) or 6-OMe comes into contact with 2-OMe (b) or (c), that is, by the steric compression effect. It is assumed that 2-H shifted downfield due to the steric compression effect because the contact of 2-OMe with another 2-OMe induces a conformation change in 2-OMe, with the result that 2-H comes into contact with 2-OMe.The cross peaks connecting the 3-H of It was found that DOM-b-CD forms a 1 : 2 complex (DOM-b-CD : cholesterolϭ1 : 2) with cholesterol more easily than 1 : 1 complex. In addition, it was found that 1 : 2 and 1 : 1 complex formations were accompanied by a negative change in enthalpy and positive change in entropy, and therefore the enthalpy term and entropy term both contribute complex formation. From the thermodynamic parameters shown in Table 2 for the formation of 1 : 2 complex at 25°C, the entropy term (TDS°1 : 2 ϭ23.2 kJ/mol) contributes much more to the standard Gibbs free energy change (DG°1 : 2 ϭϪ27.1 kJ/mol) than that of the enthalpy term (DH°1 : 2 ϭϪ3.96 kJ/mol). The contribution of the entropy term was about 86%. Based on these results, it becomes apparent that the main driving force for 1 : 2 complex formation is hydropho- bic interaction, as expected. Also, for 1 : 1 complex formation at 25°C, the entropy term (TDS°1 : 1 ϭ8.26 kJ/mol) contributes more to standard Gibbs free energy change (DG°1 : 1 ϭϪ11.6 kJ/mol) than does the enthalpy term (DH°1 : 1 ϭϪ3.38 kJ/mol). The contribution of the entropy term was 71%. The main driving force for 1 : 1 complex formation was found to be hydrophobic interaction, although the rate of contribution of the entropy term is less than that for 1 : 2 complex formation. DOM-b-CD has a chemical structure in which two-thirds of the hydroxyl groups of b-CD are methylated. Therefore, it has a deeper cavity and is more hydrophobic than other CDs. This might enable DOM-b-CD to form inclusion complexes with the much more hydrophobic compound cholesterol by hydorophobic interaction. When the 1 : 1 complex structure was examined using the CPK atomic model, it was found that about one-half of the hydrophobic cholesterol molecule projects into the aqueous solution. Thus, the water molecule around the projected moiety of cholesterol molecule might form an iceberg structure, resulting in a decrease in entropy. It is estimated that the difficulty of 1 : 1 complex formation is due to this thermodynamic lability. On the other hand, in the 1 : 2 complex, the entire cholesterol molecule is included in the cavity of DOM-b-CD and the hydrophobic moiety of cholesterol projects very little into the aqueous solution. In addition, two DOM-b-CD molecules are in contact with each other, as shown in Fig. 5 . These phenomena result in the water molecules of iceberg structure around both cholesterol and DOM-b-CD becoming free water molecules, with a large increase in entropy. As a result, it is estimated that the formation constant (K 1 : 2 ) for the 1 : 2 complex becomes far larger than that of the 1 : 1 complex (K 1 : 1 ). 
